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The proto-oncogene c-myc encodes a basic helix-loop-helix leucine zipper transcription factor (c-Myc). c-Myc plays a 
crucial role in cell growth and proliferation. Here, we examined how expression of c-Myc target genes and cell proliferation 
depend on variation of c-Myc protein levels. We show that proliferation rates, the number of cells in S-phase, and cell 
size increased in a dose-dependent manner in response to increasing c-Myc levels. Likewise, the mRNA levels of c-Myc 
responsive genes steadily increased with rising c-Myc levels. Strikingly, steady-state mRNA levels of c-Myc target genes 
did not saturate even at highest c-Myc concentrations. These characteristics predestine c-Myc levels as a cellular rheostat 
for the control and fine-tuning of cell proliferation and growth rates. 



Introduction 

The response of genes to the expression of a specific transcription 
factor (TF) is a complex issue and depends on many different 
parameters. These include the number, strength and location of 
binding sites of the respective TF in the target gene locus, its 
cooperation with other factors, the epigenetic stage of the target 
gene locus, and the activity of cellular signaling cascades, which 
can modify and modulate the activity of the TF. 1,2 Thus, even if 
a gene locus has bona fide binding sites for a given TF and bind- 
ing of the factor is traceable in chromatin immunoprecipitation 
(ChIP) experiments, the outcome of TF binding for gene activ- 
ity is hardly predictable. An important question in this context 
is how much TF is required for the activation of a target gene 
and how do the activation curve characteristics of target genes 
mirror increasing levels of a TF? For example, does a 10-fold 
higher abundance of a TF lead to a 10-fold higher expression 
level of a target gene? The graph of an activation curve can pro- 
vide important information about the mode of action of a TF. A 
linear relation ship between TF concentration and the activity of 
the target gene would point to a high on/off rate of the factor at 
the target gene or may reflect its rapid consumption at the target 
gene. In contrast, uninterrupted binding of the TF should lead 
to its saturation at a binding site and may result in a constant 
gene activity. To study these alternative models, we analyzed the 
expression characteristics of target genes of the short-lived TF 
c-Myc 3 in a dose-dependent manner. c-Myc forms heterodimers 
with the long-lived Max protein and activates a large panel of 
target genes implicated in cell cycle and growth control. 4 " 5 In 
addition to an E-box motif Myc-binding-site recognition in the 
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human genome appears to be determined by the chromatin con- 
text. 10,11 After binding, c-Myc regulates gene activity by affecting 
the recruitment and activity of chromatin remodeling and modi- 
fying factors. 12 

Here, we studied the effect of fine-tuned c-Myc protein levels 
on cell proliferation, and global gene expression in the human 
B-cell line P493-6. This cell line contains a construct that regu- 
lates c-myc from a tetracycline-dependent promoter. The system 
allows titration of c-Myc protein levels in a very sensitive man- 
ner by addition of different amounts of tetracycline (Tc) to the 
medium. 7,9,13 " 15 We observed that cell cycle parameters changed 
in relation to the respective c-Myc protein levels in P493-6 cells. 
In addition, the steady increase of c-Myc protein levels was 
accompanied by a steady increase of mRNA levels of c-Myc tar- 
get genes, suggesting that the expression of target genes is not 
saturated even at extremely high c-Myc levels in P493-6 cells. 
This finding has major implications on the mode of action of the 
transcription factor c-Myc. 

Results 

Titration of c-Myc levels. 

Growth and proliferation of P493-6 cells depend on the 
expression of a tetracycline (Tc) regulated c-myc gene. 15 Various 
Tc concentrations, 0 - 100 ng/ml, were adjusted in the medium 
to titrate c-Myc protein levels in P493-6 cells. C-myc mRNA lev- 
els were analyzed by expression profiling and c-Myc protein levels 
by western blotting 48 h after adjustment of Tc concentrations 
(Fig. 1). Steady-state levels of c-Myc protein were reached approx- 
imately 4 h after adjustment to the respective Tc concentration 
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Figure 1. Titration of c-Myc protein levels. Analysis of c-Myc protein levels in P493-6 
cells. P493-6 cells were treated for 48 h with the indicated concentrations of Tc to obtain 
total RNA and protein lysates. c-Myc levels were analyzed by expression profiling (blue 
line) and by fluorescent protein labeling (green line). The highest expression of c-Myc 
was set as 100% in the diagram. The panel below the graph contains a western blot 
showing the c-Myc levels in P493-6 cells with varying concentrations of Tc. 



(data not shown). Notably, c-Myc protein levels were > 100-fold 
higher in cells in the absence of Tc compared with levels in the 
presence of 100 ng/ml Tc. 

c-Myc levels accelerate cell proliferation and enlarge the 
population of cells in S-phase in a dose-dependent manner. 
Treatment of cells with Tc (100 ng/ml) for 48 h shuts off expres- 
sion of the recombinant c-myc and leads to cell cycle arrest of 
P493-6 cells. 13,15 Arrested cells were washed, adjusted to new Tc 
concentrations (Oh), and cell counts were determined in inter- 
vals of 24 h. The proliferation rates were similar for all Tc con- 
centrations between 0 h and 24 h, but thereafter were strictly 
Tc-dependent (Fig. 2A). A little increase of c-Myc levels was 
accompanied by a respective little increase of proliferation rates 
at all Tc concentrations. Cells with the lowest c-Myc levels (cor- 
responding to 100 ng/ml Tc) showed the lowest proliferation 
rate. Only the proliferation rate measured at the highest c-Myc 



concentration (0 ng/ml Tc) at day 4 showed a 
little drop probably owing to high density of cells 
in the culture medium. Taken together, the titra- 
tion experiment demonstrates a direct correlation 
between c-Myc protein levels and cell proliferation 
rates over a large range of c-Myc concentrations. 

Similarly, small differences in c-Myc levels 
caused a respective change in cell cycle distribution 
of P493-6 cells. An increase of c-Myc protein levels 
was followed by a steady increase in the percentage 
of cells in S-phase and G2/M, and a decline of cells 
in Gl-phase (Fig. 2B). The same correlation was 
seen also for c-Myc levels and cell size (Fig. 2C). 
We conclude that growth-associated phenotypes 
as proliferation rates, cell cycle distribution, and 
cell size are regulated by c-Myc levels and can be 
fine-tuned by titration of c-Myc protein levels in 
P493-6 cells. 

Expression levels of c-Myc-target genes do not 
saturate with increasing c-Myc levels. 

Next we studied the induction kinetics of 
c-Myc target genes in response to increasing c-Myc 
levels. Gene probes corresponding to the 3' region 
of c-Myc target genes were spotted pair-wise on a 
microarray. We identified 446 genes with increas- 
ing expression in response to rising c-Myc levels. 
The c-Myc target genes included in this evaluation 
were induced at least 2-fold at the highest c-Myc 
concentration (Table SI). For details of the statisti- 
cal analysis of the expression data see Materials and 
Methods. 

In P493-6 cells c-Myc protein reaches lev- 
els higher than observed in tumor cell lines with 
amplified c-myc (data not shown). 16 To get a better 
survey of c-Myc regulated genes, we sorted induced 
genes in groups according to their response to 
c-Myc changes. The expression of c-Myc respon- 
sive genes at each c-Myc level was compared with 
expression levels in control cells (100 ng/ml Tc). 
By this approach, ten groups of c-Myc regulated 
genes were defined. Members of each group fulfilled the criterion 
that they were at least 2-fold induced at a specific c-Myc protein 
level. The average expression profile of the genes belonging to 
each group is shown (Fig. 3). For example, the mRNA levels of 
the 11 genes of group 1 are upregulated already 2-fold by little 
increases of c-Myc (8ng/ml Tc) and thereafter steadily increased 
with increasing c-Myc levels. In contrast, the 72 genes of group 
10 show a significant induction only at the highest c-Myc con- 
centration. Thus, the responsiveness of target genes to different 
c-Myc protein levels differed largely from highly to little respon- 



sive genes. 



Discussion 



c-Myc levels can be titrated in a fine-tuned manner in P493-6 
cells. We see that even slight increases in c-Myc levels lead to 
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Figure 2. c-Myc regulates cell proliferation, cell cycle activity, and cell growth in P493-6 cells. (A) Growth curves of cells over a period of four days after 
adjustment of different Tc concentrations. (B) Cell cycle profile and (C) average cell size (fj,m) 48 h after adjustment of Tc concentrations. 



measurable effects on cell proliferation rates, cell cycle distribu- 
tion, and expression of target genes. The expression of c-Myc tar- 
get genes steadily increased in response to increasing c-Myc levels 
even at the highest concentration of c-Myc, which by far exceeds 
c-Myc levels in normal cells. This finding was unexpected since 
we anticipated a saturation of target gene activity for very high 
c-Myc concentrations. Thus, c-Myc levels behave as a rheostat for 
the regulation of target gene activity and thereby for regulation 
of cell proliferation rates. We note that we currently do not know 
whether all cells of a population respond equally to changes in 
tetracycline levels, or if variations in c-Myc levels at the single cell 
could influence the response of c-Myc target genes. 

Interestingly, both the response of target genes and of cell 
proliferation increased further even at extreme high levels of 
c-Myc. How can this failure of saturation of the c-Myc response 
be explained? The mode of action of TFs in gene regulation 
is still far from being understood. While questions as binding 



specificity to DNA, interaction with co-activators, co-repressor 
or other factors have successfully been addressed, little is known 
about the dynamic and affinity of TF-binding to gene loci in 
living cells and how binding of TFs correlates with gene activ- 
ity. 1 An open question is, whether the residence time of a TF 
at a gene locus can be used as a measure for the activity of the 
factor and for the activity of the target gene? In the past, the pres- 
ence of low and high affinity binding sites has been reported for 
c-Myc in promoter regions, 16 but these sites have not been corre- 
lated yet with the activity of the target gene. Examination of the 
gene list with high affinity c-Myc binding sites published by the 
Amati laboratory 16 revealed the presence of genes with high affin- 
ity binding sites in all gene groups (1-10) described in Figure 3. 
However, the biological relevance of high affinity sites is still elu- 
sive. It could well be that low affinity sites with a high turn-over 
of c-Myc binding represent much better c-Myc responsive ele- 
ments than high affinity c-Myc binding sites do. 
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Figure 3. Expression of c-Myc target genes at different Tc concentrations. Average expression 
profiles of groups 1-10 were calculated from 447 induced genes. Genes in the different groups 
required a 2-fold or higher change in expression compared with control cells (100ng/ml Tc). 
The graphs of groups 1-10 show the normalized average expression profiles calculated from 
the genes that belong to each group (number of genes per group in brackets). 



It's also unclear whether binding of c-Myc to a bona fide bind- 
ing site is sufficient for gene activation, or whether c-Myc has 
to undergo additional modifications/alterations at a binding site 
to gain its gene regulatory activity. c-Myc is highly modified by 
phosphorylation, acetylation, and ubiquitinylation. 17,18 If specific 
modifications are required, c-Myc binding sites can in principal 
accommodate "inactive" and "active" forms of c-Myc (Fig. 4). 
In this scenario c-Myc may bind as an "inactive" precursor and 
must be converted into an "active" form, before it facilitates gene 
regulation. The transition of c-Myc from the "inactive" into the 
"active" state could be regulated in a target site-specific manner. 
However, currently little is known about the specificity of such a 
process and how efficiently it could occur. 

c-Myc is a very short-lived molecule with a half-life of 15—30 
min in all phases of the cell cycle except mitosis. 3 This insta- 
bility, which c-Myc shares with other transcription factors, has 
been implicated in its gene regulatory function. The removal 
of "active" c-Myc from its binding site may be accomplished by 
ubiquitinylation-coupled degradation. Since ubiquitinylation of 
c-Myc's transactivation domain has also been reported to be a 
possible mechanism for its conversion into the "active" form, 19 " 21 
activation and degradation of c-Myc may be coupled processes 
occurring as consecutive steps at the target site (see model in 
Fig. 4) . Alternatively, the activation signal may be removed from 
the "active" form and c-Myc returns to the "inactive" pool. If 
c-Myc requires an activation mechanism at its target site, this 
could be an additional rate-limiting step in gene activation. In 
this case, c-Myc binds to the target site with high or low affin- 
ity, but gene activation does not occur as long as c-Myc is not 
converted into its "active" form. Alternatively, c-Myc is directly 



converted into its "active" form after binding, 
and degraded or released thereafter. 

The characteristic to activate target genes 
over a wide range of concentrations enables 
c-Myc to fine tune cellular growth and pro- 
liferation rates and predestines c-Myc as an 
excellent master gene for proliferation and 
growth control. Consistently, the levels of 
c-Myc are tightly regulated by a large num- 
ber of growth factors and intracellular gene 
regulatory feedback mechanisms, 22,23 and 
little changes in c-Myc directly attenuate or 
enhance target gene activity and thereby cell 
proliferation. Two recent studies demon- 
strated that c-Myc acts a universal amplifier 
of expressed genes. 24,25 Here we confirm this 
result and show that this function applies in 
addition to cell growth and proliferation. 

Materials and Methods 

Cell culture and cell count. 

P493-6 cells were grown as described ear- 
lier. 13,15 c-Myc protein levels were titrated by 
incubation in medium with increasing Tc con- 
centrations. Cell number and viability were 
determined by trypan blue staining using a cell counter (Cedex, 
Innovatis). 

Immunoblotting. 

Lysates were prepared by treating 5xl0 6 viable cells with 100 u,l 
lysis buffer [100 mM HEPES, 150 mM NaCl, 10 mM NaF, 0,5 M 
EDTA, 10% glycerin, 1% Triton-X-100 and protease inhibitor 
(Roche)] . Ten u,l of lysate was analyzed by western blotting. The 
polyclonal antibodies N-262 for c-Myc were obtained from Santa 
Cruz Biotechnology (sc-764). For quantification of western blot 
signals secondary alexafluor680-labeled antibodies and Odyssey- 
detection facilities were used from LI-COR Biosciences. 

Cell cycle analysis. 

Cells were treated with Tc in 96 well plates and stained (end 
concentrations 0.1% citrate, 0.3% Nonidet P40, 0.5 mg/ml 
RNaseA, 50u,g/ml propidiumiodide). The DNA content was 
directly analyzed with flow cytometry (FACSArray, Beckton 
Dickinson) for 6 individual samples per treatment. 

Production of filter arrays with human gene probes. 

The array contains probes for genes, which have 
been described as c-Myc induced target genes previously 
(www.myccancergene.org) or as genes being involved in tumori- 
genesis, cell cycle control or apoptosis. Probes are synthetic oligo- 
nucleotides, 60 bp long, and complementary to the 3' region of 
different human mRNAs. Each probe was spotted twice on each 
filter array. In addition, ten E. coli sequences and ten random 
sequences were included as negative controls. For induced genes 
see Table SI in Supplementary data. 

Labeling of total RNA and hybridization of arrays. 

Labeling, hybridization, scanning and data processing proce- 
dures were performed as described elsewhere. 26 In brief, a standard 



www.landesbioscience.com 



Transcription 



195 



@ @ 



"inactive" c-Myc 



RT-reaction was performed using 4jJLg 
of total RNA in the presence of 50|xCi 
[a- 33 P]-dCTP (3000 Ci/mmol; Perkin 
Elmer Life Sciences, MA, USA) and an 
oligo-dT (20) primer. The hybridization 
temperature was 40°C. 

Analysis of expression data. 

To ensure the highest data reli- 
ability we produced 18 data points in 
total per gene and the average was cal- 
culated from all 18 data points. Total 
RNA from three independent experi- 
ments was prepared from cells cor- 
responding to each c-Myc level. The 
RNA samples were labeled individu- 
ally and each sample was hybridized 
with three niters; each filter contained 
all gene probes twice. For evalua- 
tion of the results we differentiated 
between significance of expression, 
which determines whether a signal 
on the filter is above background, and 
significance of differential expression, 
which indicates whether expression of 

a gene is different in two samples. The expression data of two 
different probes were analyzed by means of a two-tailed t-test for 
independent samples (p < 0.05). 

c-Myc-responsive genes were determined by pair-wise com- 
parisons of expression values at each c-Myc level with the expres- 
sion values of the reference sample 'c-MycOFF' (100 ng/ml Tc). 
Genes that were defined c-Myc responsive had to fulfil the fol- 
lowing criteria: (i) significance of differential expression at least 
for the comparison of c-Myc-OFF vs. c-Myc-ON (without Tc) 
(ii) the change in expression between c-Myc-OFF and c-Myc- 
ON had to be at least 2-fold (iii) significance of expression in the 
c-Myc-ON samples. The expression data are listed in Table SI. 
We used Spotfire Decision Site 8.2 software (Spotfire Inc.) for 
visualization of expression profiles and hierarchical clustering. 
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Figure 4. Model for c-Myc function. High levels of c-Myc cannot saturate functional c-Myc binding 
sites (1). After binding c-Myc can be converted into its "active" form (2). The active form of c-Myc is 
unstable and degraded or removed/inactivated 24 - 25 by other mechanisms (3). 
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